Sitting at the apex of neural processing in the mammalian brain is the cerebral cortex, the convoluted sheet of neurons covering the two cerebral hemispheres. Neurons within the neocortex underlie our most sophisticated cognitive and perceptual abilities and are thus highly specialized for the analysis of sensory inputs or the generation of motor outputs. The position, connectivity, and morphology of each neuron reflect its particular function. Although neurons in the adult brain are organized in highly ordered and differentiated arrays, these cells arise from dividing progenitor cells of a simple neuroepithelium in which cells appear morphologically indistinguishable. This review addresses the question of how diverse neuronal phenotypes are generated from apparently homogeneous progenitors in appropriate numbers, times, and positions during the development of the cerebral cortex, focusing on key steps in neurogenesis including the molecular control of cell number, the decision to generate a neuron, and cell type specification.
Sitting at the apex of neural processing in the mammalian brain is the cerebral cortex, the convoluted sheet of neurons covering the two cerebral hemispheres. Neurons within the neocortex underlie our most sophisticated cognitive and perceptual abilities and are thus highly specialized for the analysis of sensory inputs or the generation of motor outputs. The position, connectivity, and morphology of each neuron reflect its particular function. Although neurons in the adult brain are organized in highly ordered and differentiated arrays, these cells arise from dividing progenitor cells of a simple neuroepithelium in which cells appear morphologically indistinguishable. This review addresses the question of how diverse neuronal phenotypes are generated from apparently homogeneous progenitors in appropriate numbers, times, and positions during the development of the cerebral cortex, focusing on key steps in neurogenesis including the molecular control of cell number, the decision to generate a neuron, and cell type specification.
Overview of Cortical Organization and Development
The neurons of the neocortex are organized in two dimensions relative to the cortical surface. Tangential to this surface, different areas subserve a variety of functional modalities. Each area is characterized by a set of distinctive cytoarchitectonic features (Brodmann, 1909) and, most importantly, by the pattern of both afferent and efferent axonal connections. These connections underlie the functional specificity of neurons in each area: for example, whereas normal auditory cortex receives input from and feeds back information to the auditory thalamus (Kreig, 1946) , visual information diverted into auditory cortex will generate surprisingly normal visual responses (Roe et al., 1992) . In the perpendicular dimension, the cortex is composed of six sheets or layers, each of which is defined by the density and morphology of its constituent neurons. Thus, along a radial line through the cortex, one encounters a variety of neurons with differing physiological properties and axonal connections, each typical of that layer (Gilbert and Kelly, 1975; Gilbert, 1977; Gilbert and Wiesel, 1985) . A general rule of thumb for projection neurons in sensory areas of cortex is that neurons in the upper layers 2 and 3 send long-distance axons to other cortical areas, whereas neurons in the deep layers 5 and 6 extend axons to subcortical targets (Gilbert and Kelly, 1975; Lund et al., 1975; Symonds and Rosenquist, 1984) . This radial stack of neurons forms the cortical column, a minimal unit of neurons and connections required to analyze a small portion of the sensory world (Hubel and Wiesel, 1962) .
Neurons of the neocortex are generated from proliferating cells of the telencephalic ventricular zone. During the cell cycle, the nuclei of cortical progenitor cells undergo a series of "elevator movements" that correlate with their progression through the cycle (Figure 1) (Sauer, 1935) . During DNA synthesis, or the S phase of the cell cycle, nuclei occupy the outer half or third of the ventricular zone. In G2, nuclei descend rapidly toward the ventricular surface, where cells then complete mitosis. Entry into the G1 phase of the cell cycle is accompanied by an outward movement of the nucleus, as each daughter cell prepares either to reenter the cell cycle or to exit the ventricular zone and differentiate. During neurogenesis, the latter choice is accompanied by the migration of the young neuron along radial glial fibers (Rakic, 1972; Hatten, 1990) , through the cell-sparse intermediate zone (future white matter), and into the cortical plate, which will later form the layered adult cerebral cortex. Neurons are generated in an orderly progression, with cells of the deepest cortical layers born first, followed by cells of the middle and finally the upper layers (see Rakic, 1978; McConnell, 1988a , for reviews). This inside-out pattern of neurogenesis produces neurons within a given layer that share similar birthdays as well as common functional properties and connectivity.
The Control of Cell Proliferation
A hallmark of the neocortex has been its rapid and selective expansion during the course of evolution. The developmental underpinnings of this expansion in mammals are apparent in the early telencephalic vesicles, which balloon outward from the rostral forebrain to create large areas of cortical progenitor cells. Not only are the telencephalic vesicles large in size relative to more evolutionarily conserved structures, but their development is prolonged such that cortical neurogenesis occurs later and for longer periods of time than in most other rostral brain regions. Caviness et al. (1995) have speculated that this delay promotes the rapid expansion of the number of progenitor or founder cells in the ventricular zone prior to the onset of neuregenesis. What are the molecular mechanisms that regulate cell proliferation in the telencephalic ventricular zone? Recent studies (Xuan et al., 1995) have implicated the winged helix transcription factor, brain factor I (BF-1), a gene expressed specifically in the telencephalic neuroepithelium and in the nasal half of the retina and optic stalk (Tao and Lai, 1992) , in the control of proliferation. Homozygous null BF-7 mutant mice showed dramatic reductions in the size of the cerebral hemispheres, particularly in the ventral telencephalon (Xuan et al., 1995) . Although cortical neuroepithelial cells expressed appropriate region-specific markers (such as Emx7 and Emx2) in mutants, the neocortical ventricular zone of mutant animals was markedly reduced in thickness and showed decreased rates of bromodeoxyuridine incorporation, indicative of a decrease in the number of proliferating progenitors. Just outside the ventricular zone were abnormally large numbers of neurons (marked by microtubuleassociated protein 2 [MAP2] immunoreactMty), suggesting basal apical G1 S G2 M Figure 1 . Nuclear Migration and Cell Cycle Progression in Cerebral Ventricular Cells Progenitor cell nuclei undergo a series of intracellular migrations as cells progress through the cell cycle. Nuclei ascend away from the apical surface during the G1 phase. During S phase, nuclei are located in the outer (basal) third of the ventricular zone; they then translocate apically during G2. Mitosis occurs at the ventricular (lumenal) surface. Reproduced with permission from Chenn and McConnell, 1995. that cells which would normally have been cycling had instead differentiated prematurely into neurons. Xuan et al. (1995) hypothesize that BF-1 plays a role in controlling the size of the telencephalon by affecting the timing and the number of progenitor cell divisions in the ventricular zone and speculate that changes in BF-1 activity may underlie the expansion of the telencephalon over the course of evolution.
How might a cell-intrinsic transcription factor such as BF-1 contribute to the control of cortical proliferation or differentiation? One possibility is that BF-1 regulates directly the machinery required for cell cycle progression; another is that BF-1 may act to enhance the responses of neuroepithelial cells to mitogens (Xuan et al., 1995) or even to regulate the production of mitogens or differentiation factors. Recent data from two groups studying different regions of cortex, the neocortex and the archicortex or hippocampus, have characterized opposing actions of growth factors on rat cortical cells in culture (Ghosh and Greenberg, 1995; Vicario-Abej6n et al., 1995; see Temple and Qian, 1995 , for a recent review). Basic fibroblast growth factor (bFGF) stimulates the proliferation of progenitor cells, which express the intermediate filament protein nestin, resulting in the production of large numbers of nestin-positive cells in culture. The neurotrophin NT-3, in contrast, stimulates the differentiation of these bFGFexpanded progenitor cells into neurons. In the absence of exogenous NT-3, bFGF-treated progenitors from neocortex increasingly withdraw from the cell cycle over time and differentiate into neurons; however, most of this neuronal differentiation can be blocked by the addition of antibodies to NT-3 to the cultures, suggesting that the local production of NT-3 regulates neuronal differentiation (Ghosh and Greenberg, 1995) . Interestingly, while embryonic day 14 (E14) cortical progenitors proliferate in response to bFGF for 10-12 days in culture, after this time nearly all the cells differentiate into oligodendrocytes, even in the continued presence of bFGF (Ghosh and Greenberg, 1995) . Thus, the responsiveness of progenitor cells to exogenous mitogens can vary over time, although the mechanism by which this response is regulated is not known.
Evolutionary increases in the size of the cortex appear to involve increases both in the size of the founder population of ventricular cells and in the total number of cell cycles that produce neurons during the period of neurogenesis (Caviness et al., 1995) , each of which could be regulated by growth factors that trigger proliferation or differentiation. Despite tremendous variability in the number of neurons and in the size of the neocortex, the cortical layers of mammalian species display a common and characteristic patterning and density, with layer 5 always sparsely populated by neurons and layers 2-4 showing the highest densities and numbers. The consistency of these patterns across species has been attributed at least in part to commonalities in the relative amounts of time that progenitors spend generating each layer: animals as diverse as mouse, rat, cat, and monkey spend nearly identical fractions of their total neurogenic periods devoted to the production of the different layers (Caviness et al., 1995) . In the mouse, roughly 11 cell cycles contribute to the production of cortical neurons, yet numerically the majority of neurons (which are destined for layers 4, 3, and 2) are born in the final 4 cell cycles from E14 to E17 (Caviness et al., 1995) . How can so few cycles generate such a large number of neurons relative to the 7 preceding cycles? Caviness et al. (1995) have calculated the fraction of cells that exit the cell cycle to become postmitotic (the quiescent or Q fraction) at different times during the period of neurogenesis. They find that during early times, very few postmitotic cells are produced; instead, the vast majority of cells reenter the cell cycle after mitosis, resulting in a steady expansion of the proliferative population. It is only at roughly E14 in mouse, when half of all cells exit the cell cycle after mitosis (the Q fraction reaches 0.5), that neurons are produced in large numbers and the ventricular population begins to be depleted. These studies suggest that increases in the size of the cortex might be regulated by factors that prolong the period of proliferative expansion in the ventricular zone or, conversely, by those that delay the onset of differentiation.
Asymmetric Divisions and the Production of Neurons
How is the production of a young neuron actually accomplished in the ventricular zone? Prior to the onset of neurogenesis, it is likely that the progenitor pool is expanded through a series of symmetric divisions in which both daughter cells reenter the cell cycle after mitosis (Berry and Rogers, 1965; Smart, 1973; Gray and Sanes, 1992; Caviness et al., 1995) . Neurogenesis begins slowly, with neurons produced initially in small numbers and with few cells exiting the cell cycle after division (Caviness et al., 1995) . These and similar observations have led to the speculation that early progenitor cells divide asymmetrically in a stem cell fashion, each division producing a neuron and another progenitor cell (e.g., Rakic, 1988) . Retroviral lineage-tracing studies lend indirect support to this hypothesis, since clones of related neurons can span many layers (Luskin et al., 1988; Price and Thurlow, 1988; Walsh and Cepko, 1988; Kornack and Rakic, 1995; Reid Apical daughters may be constrained to remain within the ventricular zone, while basal daughters lose contact with their siblings and migrate away, exhibiting behaviors typical of young postmitotic neurons. Reproduced with permission from Chenn and , yet the layers are generated at distinct times in development. Recent imaging studies have attempted to ascertain directly whether neurons are generated through asymmetric divisions. Cortical progenitor cells were labeled with Dil and imaged in living slices through the ventricular zone using time-lapse confocal microscopy (Chenn and McConnell, 1995) . At times prior to the onset of neurogenesis, the vast majority of cell divisions appeared to be symmetric ( Figure 2A ). These cleavages were oriented vertically, with cleavage planes perpendicular to the ventricular surface, thus allowing both daughter cells to retain contact with the lumen. The two daughters then behaved identically to one another following mitosis, each reestablishing the bipolar morphology typical of a cortical progenitor cell and showing a slow, paired nuclear movement away from the ventricular surface. These symmetric divisions are likely to be proliferative in nature, serving to expand the population of progenitor cells prior to the onset of neurogenesis, or to maintain precursor numbers later. During the period of neurogenesis and with increasing frequency over time, a second type of division was observed in which cells divided asymmetrically, with horizontal cleavage planes (parallel to the ventricular surface; Figure 2B ). These divisions produced morphologically distinct daughters: an apical daughter that retained a lumenal contact and a basal daughter that was no longer tethered to the ventricular surface. The daughters of horizontal divisions typically separated from one another soon after division. While apical daughters stayed in the ventricular zone and reestablished a bipolar progenitor cell morphology, basal or outer daughters migrated toward the cortical plate at rapid rates approximating the rates of migration of young postmitotic neurons. Thus, these asymmetric divisions are likely to represent a stem cell mode of division in which one daughter differentiates into a neuron while the other reenters the cell cycle.
Molecular Correlates of Asymmetric Divisions
The findings discussed above suggest that the orientation of mitotic cleavage may regulate the production of neurons. While this idea is not new (a relationship between cleavage orientation and neurogenesis was suggested nearly 30 years ago [Langman et al., 1966; Martin, 1967] but was discounted by later workers [Hinds and Ruffett, 1971; Smart, 1973] ), these studies provide the first direct evidence for distinct cell behaviors following horizontal cleavage. Nevertheless, several key issues remain unresolved. For example, what mechanisms control the orientation of cell cleavage and thus possibly regulate the number of neurons produced at different times during development? Although progress has been made in understanding the control of cell cleavage in simple model systems, including yeast and the nematode worm, essentially nothing is known about the regulation of cleavage orientation in cortical progenitors (see Rhyu and Knoblich, 1995 , for a more detailed discussion). A second issue concerns the molecular mechanisms by which the two daughters derived from asymmetric divisions attain distinct fates following mitosis. Recent studies of neurogenesis in Drosophila have provided two examples of proteins whose asymmetric localization and differential inheritance during mitosis serve to intrinsically alter cell fate decisions. The numb protein is asymmetrically localized in dividing precursor cells in the Drosophila nervous system, where it is required to establish the differences between peripheral neurons and support cells (Rhyu et al., 1994) and between a pair of interneurons in the CNS . The homeodomain protein prospero is also asymmetrically localized in sensory organ precursors and in neuroblasts; in the CNS, prospero translocates to the nucleus in only one of the daughters after cleavage, the ganglion mother cell . Thus, the production of distinct cell types after cell division can be generated by the asymmetric inheritance of molecules that control the fates of the resultant daughters (reviewed in Doe and Spana, 1995) .
Like other cells of epithelial origin, mammalian ventricular cells are polarized into apical and basal domains; they exhibit marked morphological asymmetries, including apically localized cilia, centrosomes, and zonula adherens junctions (Stensaas and Stensaas, 1968; Hinds and Ruffett, 1971) . A variety of cell signaling molecules that play a role in cell fate decisions are localized apically in Drosophila (including Notch, boss, sevenless, and armadillo; see Woods and Bryant, 1993 , for review); thus, it seemed reasonable to explore the localization of similar molecules in cortical progenitor cells. Surprisingly, Notch1 immunoreactivity is localized to the basal pole of mitotic ventricular cells, where the protein appears to be asymmetrically inherited in horizontal divisions by the basal (neuronal) daughter upon cleavage (Chenn and McConnell, 1995) . The surprise arises for two reasons. First, a basal localization is unexpected in light of reports that Notch protein is localized apically in Drosophila. Second, and more strikingly, while Notch is known to play a role in regulating neurogenesis in both flies and vertebrates, the activation of Notch protein has been generally associated with the suppression of neurogenesis (ArtavanisTsakonas et al., 1995; Dorsky et al., 1995) , not the generation of a neuron. It is not yet known why Notch1 immunoreactivity is associated with the neuronal daughter of an asymmetric division in cortex; perhaps this cell has a transient need to suppress neuronal differentiation while it escapes the ventricular zone. Alternatively, Notch1 activity may regulate the ability of cells to respond differentially to avariety of extracellular signals, not just those that regulate neurogenesis (Artavanis-Tsakonas et al., 1995) . Regardless of the function of Notch1 in cortical cells, these studies provide molecular evidence that daughter cells derived from asymmetric divisions are indeed intrinsically distinct from one another.
Symmetric Divisions and Cortical Neurogenesis
It is unlikely that all cortical neurons are generated through asymmetric divisions since clone sizes in the neocortex are slightly larger than can be accounted for by a purely asymmetric mode of cell division (Reid et al., 1995) . The observation that the majority of neurons are generated late in neurogenesis during the time that the ventricular zone is depleted of progenitor cells (Caviness et al., 1995) is consistent with the hypothesis that these progenitors switch from a stem cell mode of proliferation ( Figure 2B ) to a terminal mode of symmetric, differentiative divisions (as in Figure 2A , except that both daughters would exit the cell cycle). Late divisions have not yet been imaged to follow the behavior of daughter cells after cleavage; however, lineage studies have revealed small clones composed of similar cell types in the same layer, consistent with symmetric terminal divisions (Reid et al., 1995) . A particularly intriguing and unusual pattern of clonally related cells has been observed in the developing cortex of the monkey, in which horizontally oriented rows of 2-13 neurons were observed within a single layer of the cortical plate following retroviral infection (Kornack and Rakic, 1995) . The authors of this study hypothesize that these rows are derived from a symmetrically dividing ancestor that may proceed through two or more cell divisions before the resultant "cousins" synchronously exit the ventricular zone. Rows of labeled cells were present within each of layers 2-4, suggesting that symmetric divisions occur during the latter period of neurogenesis (Kornack and Rakic, 1995) , a notion consistent with a progressive depletion of cortical progenitor cells beginning at the time of layer 4 neurogenesis in the mouse (Caviness et al., 1995) . It is not yet known whether symmetric divisions also contribute to the production of neuronal progeny during earlier periods of deep layer neurogenesis within the cortex.
Retrospective analyses from lineage studies about the mode of cell proliferation in the cortex have generally assumed that there is little cell death among cortical progenitor cells or newborn neurons in the ventricular zone. Thus, it has been hoped that, by assessin~the number of cells marked by retroviral lineage tracers, one can infer the mode of cell division that generated the clone (e.g., Korhack and Rakic, 1995) . A twist to the story has been added, however, by studies using in situ end labeling of fragmented DNA to identify dying cells, suggesting that over half of all cells in the ventricular zone undergo apoptosis during the period of neurogenesis in the mouse cerebral wall (Blaschke et al., 1995, Soc. Neurosci., abstract) . Such extensive cell loss would add another level of complexity to our attempts to understand how neurons are produced in the right numbers and at the right times during development.
Cortica~ Cell Lineages
The degree to which cortical progenitor cells are multipotent with respect to the fates of their progeny has been studied primarily by use of replication-incompetent retroviruses as lineage tracers. While in most regions of the central nervous system, a single progenitor may produce a clone that contains both neurons and glial cells (Turner and Cepko, 1987; Holt et al., 1988; Wetts and Fraser, 1988; Galileo et al., 1990; Leber et al., 1990) , lineage studies of the cerebral cortex have suggested that neurons, astrocytes, and oligodendrocytes arise from distinct sets of progenitors (Levitt et al., 1981 ; Luskin et al., 1988; Price and Thurlow, 1988; Grove et al., 1993) . Indeed, detailed analysis of the phenotypes of retrovirally labeled neurons has revealed that clustered clones contain exclusively excitatory pyramidal neurons or inhibitory nonpyramidal neurons, suggesting that these lineages diverge early during neurogenesis (Parnavelas et al., 1991 ; Mione et al., 1994) . Conclusions about the normal developmental potential of cortical progenitor cells have been complicated, however, by the finding that clonally related cells can disperse over several millimeters within the cortex. Thus, the analysis of clonal content based purely on spatial clustering can result in "splitting errors" in which distant but related cells are not recognized as clonal in origin (Walsh and Cepko, 1992) .
The introduction of large libraries of retroviral vectors that allow individual cells to be assigned to a clone regardless of their position within the cortex has generated evidence that early ventricular cells may generate more diverse progeny than thought previously. Analysis of clones labeled at E15 in the developing rat brain reveals that most neurons (73%) belong to widespread clones in which cells are scattered over a distance of greater than 1.5 mm (Reid et al., 1995) . Of the widespread clones, about 90% contained cells with multiple phenotypes, including combinations like neurons plus glia, pyramidal and nonpyramidal neurons, or neocortical neurons plus neurons residing in nonneocortical areas such as the hippocampus. When cell phenotypes were compared locally, however, clustered cells that were clonally related typically shared a common phenotype: the cells tended to reside in the same or a nearby layer and showed similar morphological properties, including a pyramidal versus nonpyramidal morphology. Thus, when cells are assigned to clones regardless of their position within the brain, clones show a far greater diversity of phenotypes than has been previously noted for the cortex. 
A Migratory Progenitor Cell?
The spatial distribution of dispersed clones in the rat suggests an intriguing hypothesis to explain how the entire clone may be composed of diverse cell types, yet contain locally clustered members that are similar. The clusters that comprise a clone were distributed at intervals roughly 2-3 mm apart, leading Reid et al. (1995) to suggest that a subset of cortical progenitor cells are both migratory and multipotential. They speculate that these cells may stop periodically within the ventricular zone and divide asymmetrically to produce a nonmigratory cell, which either differentiates or divides 1-4 times to produce a local cluster of progeny, and another migratory progenitor that continues to move through the ventricular zone (Figure 3) . While the commitment of nonmigratory progenitors to the generation of a distinct cell type has not been tested, it is possible that such cells may represent sublineages that are restricted to the production of a single or small number of cell types (Reid et al., 1995) . Evidence for tangential cell movement within the ventricular zone has been obtained from imaging studies in the mouse, in which Dil-labeled cells were observed moving in random patterns near the ventricular surface (Fishell et al., 1993) . These experiments have not, however, demonstrated directly that the tangentially moving cells are neural progenitors; indeed, the data from lineage tracing experiments would suggest that the movement of progenitor cells is highly directional rather than random, since clonal dispersion occurs preferentially along the longitudinal (anterior-posterior) axis of the forebrain (Walsh and Cepko, 1993) . In addition, when ventricular cells were imaged using time-lapse confocal microscopy in ferret slices, observed movements were almost exclusively radial (Chenn and McConnell, 1995) , raising the possibility that progenitor cell movements are increasingly constrained toward radial as one proceeds across the phylogenetic spectrum from rodent (Fishell et al., 1993; Walsh and Cepko, 1993) to carnivore (Chenn and McConnell, 1995; O'Rourke et al., 1995) to primate (Kornack and Rakic, 1995) . The notion of a migratory, multipotent progenitor cell helps to reconcile results of lineage-tracing experiments performed in vivo and in cultures of rodent cortex. While clusters of retrovirally labeled cortical neurons in vivo show a common pyramidal (excitatory) or nonpyramidal (inhibitory) phenotype, suggesting an early lineage-based restriction (Parnavelas et al., 1991 ; Mione et al., 1994) , analysis of clones in vitro suggests a common progenitor for glutamatergic and GABAergic neurons (G6tz et al., 1995) . These data are compatible if progenitors that are capable of producing both excitatory and inhibitory neurons are motile; alternatively, these cells may have a broader developmental potential than is normally displayed in vivo (GStz et al., 1995) . Even neurons and astrocytes appear to share an early common lineage: studies of embryonic cortical progenitor cells in culture have provided evidence for the existence of a self-renewing, multipotent stem cell that can generate neurons, radial gila, and astroglia . It seems plausible that in vivo such a multipotent cell could give rise, for example, to an astrocyte progenitor that would migrate into the cortex and then proliferate there to generate a cluster of glial cells (Luskin et al., 1988) , and to neuronal progeny that might differentiate at a distance from their glial cousins. Davis and Temple (1994) found that about 7% of ventricular cells in the E12 or E14 rat cortex behaved like multipotential stem cells in culture, dividing for weeks and generating large clones of neurons, gila, and additional stem cells. About 80% of ventricular cells generated only 1 or 2 neurons in vitro, possibly representing a sublineage of progenitor cells restricted to neuronal production. These studies have collectively generated the notion that the ventricular zone is ~ mosaic of proliferating cells that are morphologically similar but display a variety of distinct developmental potentials.
Laminar Determination
How the fate of a multipotent ceil becomes restricted to a more narrow or single set of options remains a topic of great interest and mystery. In theory, such restrictions could be generated through the action of environmental determinants or cell-cell interactions, by internally regulated or cell-autonomous changes, or by stochastic pro- cesses. Little is known about the mechanisms that may restrict a progenitor to producing neurons or gila, but some progress has been made in studying the process by which cell fate decisions are made by cortical neurons. One of the most striking features of cortical organization is its laminar pattern, in which neurons within a given layer share similar functional properties and patterns of connectivity. The inside-out pattern of cortical neurogenesis results in a strong correlation between a neuron's birthday and its normal laminar position, thus enabling the conduct of transplantation studies to ascertain the time at which neurons become committed to their normal laminar fates in the ferret. These experiments have revealed that the laminar identity of a deep layer cortical neuron is determined just prior to the cell's final mitotic division within the ventricular zone (Figure 4 ) (McConnell, 1988b; McConnell and Kaznowski, 1991) . When the progenitors of deep layer neurons were transplanted into an older host brain during the S phase of the cell cycle, their daughters changed their normal fates and migrated to the upper cortical layers along with host neurons; thus, early cortical progenitors are multipotent with respect to the laminar phenotypes of their progeny. Early progenitors transplanted at or after the transition into G2 of the cell cycle were, however, committed to the production of neurons that migrated specifically to cortical layer 6, the laminar destination appropriate for their birthday (McConnell and Kaznowski, 1991) , and formed axonal projections typical of deep layer neurons (McConnell, 1988b) . These results suggest that cell-cell interactions within the cortical ventricular zone determine the fates of young neurons but that these interactions must occur during a critical period of time during the S phase of the cell cycle preceding the birth of the neuron. These interactions result in a commitment to generate a neuron that is endowed with the ability to home to its correct laminar position, and ultimately to extend axons to appropriate long-distance targets. Independent studies suggest that normal migration is not required for cortical neurons to form normal axonal connections since the disruption of migration by genetic mutation (reeler mouse; Caviness and Sidman, 1973; Caviness, 1976 Pinto-Lord et al., 1982) or by irradiation (Jensen and Killackey, 1984) still results in neurons that form normal axonal connections (Drb.ger, 1981 ; Lemmon and Pearlman, 1981 ; Jensen and Killackey, 1984) . A molecular correlate of deep layer neurogenesis is the homeodomain gene Otxl, one of two vertebrate homologs of the orthodenticle gene in Drosophila (Simeone et al., 1992 (Simeone et al., , 1993 . Otxl is expressed in a subset of neurons in cortical layers 5 and 6 in both the developing and adult cerebral cortex (Frantz et al., 1994) . Interestingly, Otxl is also expressed at high levels by early ventricular cells during the time of deep layer neurogenesis; by the time that the upper layer neurons are being born, Otxl mRNA is apparently down-regulated in the ventricular zone and is never detected in neurons of layers 1-4 (Frantz et al., 1994) . The loss of Otxl expression in ventricular cells over time suggests the possibility that early and late progenitor cells may have distinct developmental potentials, with Otxl expression correlated with the ability to generate deep layer neurons. To test this possibility, late progenitors normally fated to make upper layer neurons were transplanted heterochronically into much younger ferret hosts, at the time at which layer 5 neurons were being born. Strikingly, upper layer progenitors produced exclusively upper layer neurons in the younger environment, even though isochronically transplanted neurons readily populate the deep layers (Frantz et al., 1995, Soc. Neurosci., abstract) . These results suggest that the developmental potential of neuronal progenitor cells may become progressively reduced over time, with late progenitors losing the ability to produce earlier generated phenotypes. Whether this loss of potential results from an intrinsic clock measuring cell divisions or real time, or whether it is generated actively through a series of cell-cell interactions, remains to be determined experimentally.
Conclusions
The studies reviewed here represent beginning efforts to understand the cellular and molecular mechanisms of neurogenesis in the developing cerebral cortex. The proliferation of cortical progenitor cells is driven by membranebound and soluble growth factors Ghosh and Greenberg, 1995; Vicario-Abej6n et al., 1995) and may be regulated more globally by transcription factors such as BF-1 (Xuan et al., 1995) . Much remains to be pieced together about the lineal relationships among cortical neurons and the processes that contribute to the dispersion of clones across the cortex. Imaging experiments and lineage studies both provide evidence that asyrn~metric divisions contribute to the production of neurons (Chenn and McConnell, 1995; Kornack and Rakic, 1995; Reid et al., 1995) , but fundamental questions remain about the molecular mechanisms that generate asymmetry and the degree to which symmetric divisions are also neurogenic in nature. The ventricular cells that generate the cerebral cortex produce a variety of types of clones both in vivo and in vitro, consistent with the notion that the ventricular zone is a mosaic of proliferating cells with distinct developmental potentials ranging from a selfrenewing, multipotent stem cell Reid et al., 1995) to cells restricted to the production of neurons, gila, or even distinct subtypes of neurons (e.g., Levitt et al., 1981; Parnavelas et al., 1991; Luskin et al., 1993; Reid et al., 1995) . In addition, the developmental potential of neuronal progenitor cells may become progressively restricted over time (McConnell and Kaznowski, 1991; Frantz et al., 1995, Soc. Neurosci., abstract) , suggesting that even within a sublineage there may be intrinsic changes in the competence of progenitor cells to respond to extrinsic influences. We know frustratingly little about the processes that create diversity among progenitor cells, or those that act to specify the final phenotypes of their daughters.
